Emotional signals are of pivotal relevance in social interactions. Neuroimaging and lesion studies have established an important role of the amygdala for the processing of these signals. While the human amygdala receives input from all sensory modalities, it is the visual modality that is most important for emotional aspects in social interactions. Consequently, amygdala involvement in visual emotional processing has been unequivocally established, whereas its role in auditory emotional processing is less clear. To investigate amygdala involvement in auditory emotional processing, we used functional magnetic resonance imaging in sighted and connatally blind volunteers, the latter of which lack visual experience during development but have outstanding capabilities to process auditory signals, which are their dominant source of information in social interactions. First, we observed a performance advantage of the connatally blind in auditory discrimination tasks that was paralleled by occipital cortex activation, which was not present in the sighted. More importantly, the blind not only showed robust selective activation in the amygdala to fearful and angry compared to neutral voices but also showed stronger activation to those stimuli than sighted participants. Higher amygdala activity for fearful items was further associated with individual performance in the blind, indicating that amygdala activation in the blind is not only driven by blindness per se but also by inter-individual differences in auditory capabilities. Our results indicate that the responsivity of the amygdala to emotional signals develops even in the absence of visual emotional experience and serves the sensory modality which is the most reliable source of emotional information.
Introduction
Emotional signals are of major relevance in social interactions and strongly involve the amygdala, a core structure in affective processing that receives input from all sensory modalities (McDonald, 1998; LeDoux, 2007) . In human social interactions however, mostly visual and auditory signals are of importance. So far, neuroimaging studies have demonstrated a consistent relationship between visual emotional processing and amygdala activation (Morris et al., 1996; Hariri et al., 2002; Glascher et al., 2004; Reinders et al., 2005 ; for meta-analyses on this topic see Phan et al., 2002; Costafreda et al., 2008) , whereas results in the auditory domain [apart from fear conditioning (Buchel et al., 1999; Morris et al., 2001) ] are less clear (Buchanan et al., 2000; Grandjean et al., 2005; Fecteau et al., 2007; Costafreda et al., 2008; Schirmer et al., 2008) . Similarly, lesion studies have led to mixed results concerning auditory emotion processing following amygdala damage (Scott et al., 1997; Adolphs and Tranel, 1999) . Taking a broader perspective, it has been proposed that the amygdala plays a pivotal role in detecting behaviourally relevant emotional content (Adolphs et al., 1998; Sander et al., 2003) , allowing efficient orienting of processing resources towards salient events. Extending this earlier view, Todd and Anderson (2009) recently suggested that the amygdala might be regarded as a hub of different networks that mediates both rapid and extended responses to diverse events of emotional salience.
Conceptually, the detection of salient information should predominantly rely on the sensory modality that provides the most reliable information in social interactions to guarantee highly efficient detection of relevant events (Collignon et al., 2008) . In most sighted humans, vision is the dominant sensory modality for a large number of functions (Posner et al., 1976; Hartcher-O'Brien et al., 2008) , e.g. the affective state of others is assessed with high precision from facial cues. In agreement with this notion, the amygdala is known to be reliably involved in the processing of emotional visual, in particular facial, information (Morris et al., 1996; Hariri et al., 2002; Glascher et al., 2004; Reinders et al., 2005; Costafreda et al., 2008) . Accordingly, less consistency regarding amygdala activation in auditory emotion processing could be related to the less well developed proficiency in recognizing emotions from acoustic signals. Thus, in sighted individuals, the amygdala might be superiorly tuned to detection of emotional social signals in the visual domain, because vision is the dominant sensory modality and thus provides the individual with the most reliable information. Consequently, if vision is compromised, this should then be accompanied by a change in allegiance of the amygdala, to predominantly serve another sensory modality that is best for sensing the emotional state of others.
Furthermore, one could argue that visual experience is necessary for the emotional brain system to develop its functional organization. A similar hypothesis (i.e. the necessity of visual experience) has been tested for a number of cognitive and sensory phenomena, such as the mirror neuron system [involving a premotortemporoparietal network (Ricciardi et al., 2009) ], tactile working memory [involving the dorsal cortical pathway (Bonino et al., 2008) ], category specificity for animate and inanimate objects [involving ventral visual cortex (Pietrini et al., 2004; Mahon et al., 2009)] , and the percept of tactile flow [involving area human V5 complex (hMT+) (Ricciardi et al., 2007) ]. Findings indicate that visual experience is not crucial for and preclude a visual imagery account of these phenomena. Yet it is unclear whether such a principle also holds true for the amygdala which is a central part of the brain's emotional system. One could even speculate that amygdala responses to auditory emotional stimuli might be accounted for by visual imagery of matching emotional faces to the voices presented within an experiment.
Connatally blind individuals (i.e. blind from birth) represent an ideal population to address these questions as they have to rely on non-visual cues in order to interact efficiently with others.
They cannot rely on visual imagery nor have they ever experienced vision, especially not the sight of an emotional facial expression. Their greater expertise in analysing auditory information is reflected in various superior auditory capabilities: pitch discrimination (Gougoux et al., 2004 ), verbal memory (Rö der et al., 2001 Amedi et al., 2003) , auditory localization skills (Muchnik et al., 1991; Ashmead et al., 1998; Lessard et al., 1998; Rö der et al., 1999) , speech perception (Muchnik et al., 1991; and superior skills in tasks involving hearing and touch (Rauschecker, 1995; Rö der and Neville, 2003; Gougoux et al., 2005; Pascual-Leone et al., 2005) . Functional neuroimaging data have shown these superior skills of the blind to be frequently accompanied by additional activations within the occipital cortex when compared to sighted controls: in Braille reading and tactile discrimination (Sadato et al., 1996; Buchel et al., 1998; Burton et al., 2002) , auditory localization (Leclerc et al., 2000; Weeks et al., 2000; Gougoux et al., 2005) , auditory imagery (De Volder et al., 2001 ) and speech processing Burton, 2003; Pascual-Leone et al., 2005; Gougoux et al., 2009) .
However, auditory emotional processing in blind individuals and its implementation in the amygdala has not yet been investigated. In the current functional MRI (fMRI) study, we presented connatally blind and sighted volunteers with auditory emotional stimuli which allowed us to test: (i) if visual experience is needed for the amygdala to process acoustic emotional stimuli; and (ii) whether amygdala activation is influenced by the higher proficiency of the blind in recognizing auditory emotional signals, which belong to their dominant sensory modality in social interactions.
Material and methods

Participants
Twenty-two volunteers took part in the study. Eleven connatally blind volunteers (five males), were matched with sighted participants according to gender, age and approximate educational level (see Supplementary Table 2 and Supplementary Methods for further details). One blind participant was excluded from the analyses because of psychotropic medication. We also excluded her matched control, resulting in two matched groups of 10 individuals each [blind: age (mean AE SEM): 35 AE 3; sighted: age (mean AE SEM): 35 AE 3]. All participants had previously undergone an fMRI scan. This was important in order to ensure that the scanning situation itself would not be perceived as frightening. Volunteers did not suffer from any affective disorders, were not taking any psychotropic medication and had no history of neurological or psychiatric disease. Participants gave written informed consent and the study was approved by the local ethics committee.
normalized with respect to mean sound pressure level (80 dB) in order to avoid loudness effects. In order to avoid habituation effects, stimuli with the same emotional tone were equally distributed throughout the experiment with a maximum of two similar events (same emotion and/or vowel) in successive trials.
Procedure
In order to exclude any possible differences in personality traits between blind and sighted participants that might account for the effects observed in fMRI activations, we assessed all volunteers with a battery of personality questionnaires (see Supplementary Methods for details).
The fMRI experiment consisted of two tasks. In two consecutive sessions participants either had to discriminate the emotional prosody (happy, angry, neutral, fearful; emotion discrimination task) or the first vowel (a, e, i, o; vowel discrimination task) of each stimulus, using individual buttons on a response pad, each corresponding to one possible answer.
Every participant went through a training session to ensure good comprehension of the tasks, timing demands and finger-response assignment (index-and middle finger of both hands). Each trial consisted of a short acoustic warning cue (100 ms 550 Hz tone) followed by the bisyllabic stimulus (300 ms after cue onset). Participants were asked to respond as quickly and as accurately as possible. Average trial duration was 5.5 s (range 4-7 s), including a jittered inter-trial interval of 0-3 s. Acoustic feedback was given only in the practice session. Stimuli during training were different from stimuli used in the magnetic resonance session to avoid possible habituation effects in the amygdala caused by repeated exposure of emotional stimuli (Breiter et al., 1996; Fischer et al., 2003) .
In the magnetic resonance scanner, all volunteers were blindfolded to guarantee identical sensory input conditions. Stimuli were presented using magnetic resonance-compatible electrodynamic headphones (MR ConFon, Magdeburg, Germany). Volunteers were equipped with two custom-made magnetic resonance-compatible response pads, one for each hand and completed the same tasks as during training but without feedback. One session consisted of 128 trials (16 different stimuli per emotion, presented twice). The order of the two tasks was randomized across participants with matched participants receiving the same order of trials, tasks, and finger-response key assignment. After scanning, participants were asked to rate the stimuli presented in the experiment on several scales (see Supplementary Methods for details).
Data acquisition and analysis
fMRI data were acquired on a 3 T system (TRIO, Siemens, Erlangen, Germany) equipped with a 12 channel head coil. Forty transversal slices (slice thickness: 2 mm; 1 mm gap) were acquired in each volume (repetition time: 2.38 s; echo time 25 ms; flip angle: 90 ; field of view: 208Â208; matrix: 104Â104; generalized autocalibrating partially parallel acquisition with parallel acquisition technique-factor 2 and 48 reference lines) using gradient echo T 2 *-weighted echo planar imaging. The first five volumes of each participant were discarded to eliminate T 1 saturation effects. High-resolution (1Â1Â1 mm 3 voxel size) T 1 -weighted images were acquired for each subject, using an magnetization prepared rapid gradient echo sequence. Behavioural data were analysed using MATLAB 7.3 (MathWorks Inc., Natick, MA, USA) and STATISTICA (StatSoft. Inc., 2005) . Statistical differences at P50.05 were considered significant. fMRI data processing and statistical analyses were carried out using statistical parametric mapping (SPM5; Wellcome Department of Imaging Neuroscience, London, UK). Data preprocessing consisted of slice timing (correction for differences in slice acquisition time), realignment (rigid body motion correction), spatial normalization to a standard echo planar imaging template (including re-sampling at a resolution of 2 Â 2 Â 2 mm 3 ) and smoothing using an 8 mm (full width at half-maximum) isotropic Gaussian kernel. Data were also subjected to high-pass filtering (cut-off period, 128 s) and correction for temporal autocorrelations (based on a first order autoregressive model). Statistical analyses were carried out using a general linear model approach. On the first level, each event type (fear, happiness, neutral and anger) was modelled as a separate regressor, thus resulting in four regressors. In addition, one regressor consisted of all event types. Each event was modelled as a stick function convolved with a canonical haemodynamic response function as implemented in SPM5. After model estimation, the following contrasts were computed for each participant: anger4neutral, fear4neutral, happiness4neutral, and all stimuli. The contrast images from each subject were then raised to the second level. Within-group effects were analysed using one-sample t-tests for: anger4neutral, fear4neutral and happiness4neutral. Two-sample t-tests (including non-sphericity correction for possible unequal variances of the error term in the two groups) were used to compare groups (blind and sighted) and test for interactions always calculating: blind (emotion4neutral)4sighted (emotion4neutral) for each emotional condition. As there were no statistical differences in amygdala and occipital cortex activation between the two tasks and as no Group Â Task interactions were found in reaction time data, we collapsed functional data from both tasks. To investigate the relationship between behaviour and blood oxygen level dependent (BOLD) responses within the amygdala during the emotion discrimination task, we also included average individual reaction times as a covariate on the second level. Since we had a strong hypothesis regarding BOLD responses in the amygdala and the occipital cortex, we limited our search volume to these regions and report activations at a threshold of P50.05 (corrected for multiple comparisons, if not stated otherwise). Correction for the amygdala was based on the amygdala mask (threshold 40%) of the Harvard-Oxford subcortical atlas as provided by FSL (FMRIB Software Library). Correction for the occipital cortex was based on a search volume of a 40-mm diameter sphere centred anatomically in the midline of the occipital lobe at 0, À84, 12 mm.
Results
According to previous reports, we predicted overall augmented auditory capabilities in the blind, indexed by better behavioural performance.
As hypothesized, blind volunteers were significantly faster than the sighted in both tasks [main effect of group: F (1,18) = 14.2, P = 0.0014], indicating superior acoustic discrimination abilities. This difference was paralleled by significantly greater activation of the occipital cortex in the blind than in the sighted in response to acoustic stimuli [peak x, y, z in millimetres: 20, À92, 30; t (18) = 8.34, P50.002, corrected]. This activation extended into the dorsal and ventral visual stream and was independent of the emotional content of the stimuli and the task employed ( Fig. 1 Apart from an advantage in the vowel discrimination task ( Supplementary Fig. 2 ), the blind showed faster emotion discrimination as compared to the sighted controls [F (1,18) = 7.05, P = 0.016; Fig. 2 ]. This behavioural advantage differed across different emotions and was smaller for happy items, leading to a significant group (blind versus sighted) by condition (emotional category) interaction [F (3,54) = 3.44, P = 0.023]. Happy items were the most difficult items to recognize which is in agreement with previous findings, indicating that happiness is more difficult than other emotions to identify in vocal stimuli (Elfenbein and Ambady, 2002) .
Regarding the idea that the amygdala serves the sensory modality that is most reliable and in which participants have the highest expertise, we predicted stronger amygdala activation in the blind than in the sighted, in response to acoustic emotional stimulation.
Indeed, superior processing of fearful and angry but not happy items in the blind was paralleled by greater amygdala activation when compared to the sighted group. A stronger BOLD signal change for fearful as compared to neutral stimuli in the right amygdala was observed in the blind [18, À8, À14; t (18) = 4.50; P = 0.007, corrected]. A homologous activation in the left amygdala reached a trend level [-18, À6, À12; t (18) = 2.78; P = 0.119, corrected]. No significant activation was observed in the sighted group. Most importantly, comparing amygdala activation between the two groups to fearful versus neutral stimuli (i.e. group by condition interaction) revealed significantly greater signal changes in the right amygdala in the blind [18, À8, À14; t (18) = 3.50; P = 0.039, corrected; Fig. 3A] .
In response to angry stimuli compared to neutral stimuli, we observed a significant bilateral signal change in the amygdala in the blind [18, À6, À14; t (18) = 4.60; P = 0.006, corrected and À18, À6, À12; t (18) = 3.67; P = 0.028, corrected]. A significant activation of the left amygdala was also observed in the sighted [-18, À10, À12; t (18) = 3.88; P = 0.020, corrected]. Importantly, when comparing both groups, there was again a significantly stronger activation in the right amygdala [18, À2, À16; t (18) = 4.58; P = 0.007, corrected] in the blind than in the sighted (Fig. 3B) . No significant BOLD responses were found for happy items compared to neutral ones in either group (all P40.19) .
A further (independent) analysis revealed that reaction times to fearful stimuli in the emotion discrimination task showed a significant relationship with right amygdala activation in the blind [30, 4, À22; t (16) = 3.71, P = 0.045, corrected, Fig. 3C ]. No significant relationship between reaction time and BOLD response in the amygdala was observed in the sighted group. Consequently, we observed a significantly stronger relationship in the blind than in the sighted [interaction: 30, 4, À22; t (16) = 4.24, P = 0.020, corrected]. Even after excluding one extreme case, we observed the same relationship in the amygdala of the blind [30, 4, À22; t (15) = 4.43, P = 0.018, corrected; Supplementary Fig. 3 ) and a significantly stronger relationship in the blind than in the sighted [30, 4, À22; t (15) = 4.93, P = 0.009, corrected]. All regression analyses using either performance to happy or angry items failed to reach significance. 
Discussion
Using fMRI in connatally blind and sighted volunteers, who were presented with emotional auditory stimuli, we observed that blind volunteers showed robust amygdala responses to fearful and angry, compared to neutral, auditory stimuli, which were significantly greater than those observed in sighted volunteers.
Several previous studies that used fMRI in blind volunteers found diverse cortical regions and their functions not to depend on previous visual experiences (Pietrini et al., 2004; Ricciardi et al., 2007 Ricciardi et al., , 2009 Bonino et al., 2008; Mahon et al., 2009) . Thus, mental imagery can also be excluded as an explanation for activations found in the blind during the investigated cognitive and sensory tasks. Instead, these studies found information processing in these areas to function in a sensory-independent way. Until now, it was unclear whether such a principle also applies to emotional processing within the amygdala. If amygdala involvement in auditory emotional processing is dependent on previous visual experience, one would expect connatally blind participants not to show any amygdala activation following auditory emotional stimulation. However, our data clearly demonstrate that blind participants show stronger amygdala activation to negatively valenced emotional stimuli than sighted volunteers. This finding indicates that amygdala responses to emotional signals occur even in the absence of visual emotional experience, as could be expected for an evolutionarily crucial system, and therefore cannot be attributed to visual imagery. Our data are thus in line with other studies (Pietrini et al., 2004; Ricciardi et al., 2007 Ricciardi et al., , 2009 Bonino et al., 2008; Mahon et al., 2009) showing that core systems develop essentially in the same way whether or not the Figure 3 BOLD responses in the amygdala. The blind show stronger BOLD responses than the sighted in the right amygdala (group-emotion interaction effect) to (A) fearful versus neutral; at 18, À8, À14 mm and (B) angry versus neutral stimuli; at 18, À2, À16 mm; visualization threshold: P50.01 (uncorrected). Bar plots show the parameter estimates at the peak voxel for blind and sighted volunteers (bars represent emotional category minus neutral; error bars represent standard errors of the mean). (C) Relationship between the BOLD response in the amygdala in blind volunteers with their behavioural performance during the emotion discrimination task; at 30, 4, À22 mm visualized at P50.001 (uncorrected). Shorter reaction times to fearful stimuli are associated with greater amygdala activation in the blind. In all images activation is overlaid on the mean structural image of all participants.
individual has any visual experiences and is capable of processing information in a sensory-independent fashion.
In sighted participants, attributions regarding the affective state of other people are predominantly based on visual, especially facial cues (Hess et al., 1988) , which have repeatedly been shown to reliably elicit amygdala activation (Breiter et al., 1996; Morris et al., 1998; Whalen et al., 1998; Costafreda et al., 2008) . For the blind, visual information is not available and the haptic modality is usually inadequate in everyday social interactions. Rather, the auditory channel is relevant and represents their primary source of sensory information in social interactions, resulting in a high level of training in processing auditory emotional information. Taken together with findings of reliable amygdala activation following emotional stimulation with emotional faces (Morris et al., 1996; Hariri et al., 2002; Glascher et al., 2004; Reinders et al., 2005) , our results of enhanced amygdala activation in the blind to emotional auditory stimulation suggests that the amygdala is preferentially activated by emotional stimuli in the dominant modality.
Furthermore, one could argue that augmented auditory capabilities in the blind might account for increased amygdala activation rather than blindness per se. In this case, one would expect blind participants with better emotion discrimination abilities to show greater amygdala activation following emotional stimulation than blind participants with worse emotional discrimination skills. In line with this argument, right amygdala activation showed a significant relationship with reaction times to fearful stimuli in the emotion discrimination task in the blind that was greater than in the sighted. This strongly highlights that altered amygdala function is subject to functionally relevant plasticity, rather than an unspecific consequence of sensory deprivation. This might also indicate that the amygdala is not only driven by the dominant (and thus most reliable) modality, but that it is further modulated by the degree of proficiency within that modality.
The enhanced amygdala BOLD responses we observed in the blind compared to the sighted were specific to negative emotions (fear and anger versus neutral), as no group differences were observed in the amygdala for positively valenced (happy versus neutral) stimuli. Emotions of fear and anger signal threat that usually requires an instant adaptation of behaviour to deal with a potentially dangerous situation (Amaral, 2002; Sander et al., 2003) . Selective activation of the amygdala for angry and fearful voices is thus in agreement with the general notion of the amygdala as a relevance detector (Sander et al., 2003) , as threatening and fearful voices convey essential information in social interactions.
The behavioural data did not indicate a selective advantage for fearful and angry items. This observation is not at odds with our interpretation, as it might indicate a ceiling effect. Furthermore, similar advantages in behavioural performance for different emotional categories (i.e. our observed behavioural main effect) are likely to be generated by different brain systems.
Interestingly, we observed increased amygdala activation in the blind irrespective of the underlying task (emotional versus vowel discrimination task), indicating that this activation is not related to explicit emotion detection, but is rather automatically driven by the emotional valence of the stimulus. This observation supports earlier data (Jancke et al., 2001; Vuilleumier et al., 2001; Fecteau et al., 2007; Quadflieg et al., 2008) , showing that amygdala-related processing occurs in an automatic manner and is often not influenced by task demands. It might be possible that automatic attraction of attention to emotional cues is augmented in the blind. Whether this results from a higher level of arousal, as shown in sighted volunteers (Baumgartner et al., 2006) , needs to be investigated in the future.
The specific enhancement of amygdala BOLD responses to negatively valenced auditory stimuli we found cannot be explained by the generally augmented behavioural performance in the blind as we did not find any differences in BOLD response between the two groups for happy items. This is in contrast to activation differences in the occipital cortex in which the blind showed a condition independent increase in activation for all acoustic stimuli when compared to sighted controls similar to previous studies that showed enhanced responses in occipital cortex for auditory and tactile tasks (Sadato et al., 1996; Buchel et al., 1998; Weeks et al., 2000; De Volder et al., 2001; Amedi et al., 2003; Burton, 2003; Gougoux et al., 2005 Gougoux et al., , 2009 Pascual-Leone et al., 2005; Mahon et al., 2009) . Thus, amygdala activation specific to negatively valenced stimuli cannot simply be explained by non-specific occipital cortex projections to the amygdala. In addition, we can rule out effects related to differences in trait anxiety levels and other personality traits (Kienast et al., 2008) between the two groups, as the assessment of these variables revealed no significant differences between blind and sighted volunteers.
In conclusion, our data revealed that blind volunteers exhibit robust amygdala responses to fearful and angry, compared to neutral auditory stimuli, indicating that the development of emotional responsiveness of the amygdala to emotional sounds develops independent of vision. Observing stronger activation in the amygdala in blind volunteers furthermore suggests that the amygdala serves the sensory modality which provides the most reliable source of emotional information.
